Introduction
Much of what is known about human monocyte heterogeneity is based on 2 subsets subdivided according to CD14 and CD16 expression. [1] [2] [3] [4] [5] [6] [7] [8] However, it is becoming increasingly apparent that further monocyte heterogeneity exists. [9] [10] [11] [12] [13] [14] [15] The new nomenclature that subdivides monocytes into 3 subsets has recently been approved by the Nomenclature Committee of the International Union of Immunologic Societies. 16 Based on this new nomenclature, the major population of human monocytes (ϳ 90%) with high CD14 but no CD16 expression (CD14 ϩϩ CD16 Ϫ ) are now termed classical monocytes, whereas the minor population (ϳ 10%) of human monocytes are further subdivided into the intermediate subset, with low CD16 and high CD14 (CD14 ϩϩ CD16 ϩ ), and the nonclassical subset, with high CD16 but with relatively lower CD14 expression (CD14 ϩ CD16 ϩϩ ). This new nomenclature presents new challenges to the understanding of monocyte heterogeneity. For example, it is unclear how properties ascribed to total CD16 ϩ monocytes are segregated between the intermediate and nonclassical subset.
It has been proposed that the intermediate subset is a transitional population bridging between the classical and nonclassical monocyte subsets. 16, 17 In macrophage colony-stimulating factor-treated patients, intermediate monocytes were expanded before the nonclassical subset. 18 The intermediate subset was shown to express a handful of surface markers at levels between the classical and nonclassical subsets. 4, 9, 19 In addition, controversy about the nonclassical subset exists. Nonclassical monocytes were shown to exhibit patrolling behavior in vivo and react strongly to nucleic acids and viruses. 9 But one rather surprising find was that the nonclassical subset responded poorly to lipopolysaccharide (LPS), which contradicts previous reports on the strong inflammatory response of the nonclassical subset toward LPS. 10, 20 Recently, Cros et al performed a microarray study on 4 human monocyte subsets, with the additional subset derived from dividing the nonclassical monocytes into SLAN ϩ and SLAN Ϫ subsets. 9 These data were analyzed together with the mouse Ly6C high and Ly6C low monocyte subsets. Their clustering results showed a closer association between the human classical, intermediate, and mouse Ly6C high monocytes, irrespective of CD16 expression by the human intermediate subset. In contrast, another recent microarray study by Ingersoll et al 21 demonstrated that CD16 expression by human monocytes defines their homology to mouse Ly6C low monocyte subsets. Analysis of the 3 monocyte subsets in macaque monkeys also showed a closer association of the intermediate subset to the nonclassical, rather than to the classical subset. 22 Overall, the relationships described for the monocyte subsets thus far have been conflicting.
A proper biologic and functional definition of the 3 monocyte subsets during healthy conditions is essential for the understanding of monocyte subsets in diseases. For this, we analyzed the 3 circulating human monocyte subsets from healthy donors using extensively validated microarray, flow cytometry, and cytokine production analysis. We unveil the relationship of the 3 monocyte subsets and describe unique features for each of the 3 monocyte subsets. Our study comprehensively defines the 3 monocyte subsets under normal healthy conditions, which will be useful for identifying features that may be altered during disease conditions. This will be particularly useful to clinical studies of diseases associated with monocytosis and/or conditions associated with changes in the proportion of monocyte subsets.
Methods

Purification of blood monocyte subsets
All blood samples and procedures in this study were approved by the Institutional Review Board, Singapore in accordance to guidelines of the Health Sciences Authority of Singapore. Informed consent was given in accordance to the Declaration of Helsinki. Peripheral blood mononuclear cells were obtained from blood of healthy donors using Ficoll density centrifugation and then depleted of NK and granulocytes using anti-CD56 and anti-CD15 conjugated microbeads by magnetic-automated cell sorting (Miltenyi Biotec). Monocyte subsets were then identified using anti-CD14 (clone 61D3) and anti-CD16 (clone 3G8). The 3 monocyte subsets (classical, intermediate, and nonclassical) were sorted using fluorescenceactivated cell sorting (FACS), according to their relative expression of CD14 and CD16 as shown in Figure 1A . Sorted subsets were stored in Trizol at Ϫ80°C before RNA isolation.
Microarray processing and analysis
RNA was isolated from the sorted monocyte subsets using Qiagen RNeasy mini kit. RNA quality was confirmed using the QIAxcel analyzer (QIAGEN). A total of 300 ng of total RNA was processed using Illumina TotalPrep RNA Amplification Kit. Hybrization was performed on Illumina Human-6 Version 2 expression BeadChips. A total of 24 expression profiles were obtained, from the 3 monocyte subsets of 4 donors in duplicates. Readings were directly exported from Illumina BeadStudio and normalized using the procedures as described in Wong et al. 23 To obtain differentially expressed genes, analysis of variance (ANOVA) followed by the Tukey Honestly Significant Difference test (P Ͻ .05) was applied to obtain genes. After removing hypothetical genes, 1554 differentially expressed genes satisfied the criteria of P Ͻ .05, and Ն 1.5-fold change for at least one comparison between the subsets. Hierarchical clustering and Principle component analysis were performed using Cluster Version 3.0 and Java Treeview.
Real-time PCR
Primers were sequences were given in supplemental Table 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article). cDNA from purified monocyte subsets of healthy donors was obtained by reverse transcription using TaqMan Reverse Transcription reagents (Applied Biosystems). Real-time PCR was performed with ITAQ SYBR Green (Bio-Rad) using ABI7900 (Applied Biosystems). Each sample was analyzed in triplicates and normalized to the HPRT housekeeping gene.
Flow cytometry
Surface marker expression was determined using antibodies given in supplemental Table 2 . Peripheral blood mononuclear cells from healthy donors were used and monocyte subsets were identified using CD14 and CD16 ( Figure 1A ). To prevent nonspecific binding, staining was performed in phosphate-buffered saline containing 5% (vol/vol) human serum and 5% (vol/vol) fetal calf serum. After 30 minutes of incubation in the dark at 4°C, labeled cells were washed once and analyzed using LSRII (BD Biosciences). For nonconjugated antibodies, labeling was performed first with the primary antibodies, washed, followed by the appropriate antimouse or antirabbit IgG fluorescent conjugates, washed, and followed by anti-CD14 and CD16 staining. Specific staining was determined using fluorescence minus one isotype or secondary only controls. Doublets were excluded using FSC-A versus FSC-H plots, and dead cells were excluded with 7-aminoactinomycin D (BioLegend). At least 200 000 total events were collected and analyzed with FlowJo software Version 7.6.1 (TreeStar).
Cytokine production
A total of 5 ϫ 10 4 FACS-sorted classical, intermediate, and nonclassical monocyte subsets were seeded into 96-well round bottom plates in triplicates with 200 L RPMI and 10% fetal bovine serum. Increasing doses of LPS from Escherichia coli 0111:B4 (Sigma-Aldrich) were added to the monocyte subset cultures. After 18 hours, supernatants were harvested and the levels of cytokines and chemokines were determined using Bio-Plex human cytokine assay kits (Bio-Rad). Samples were processed according to the manufacturer's instructions, and readings were obtained using Luminex 200 (Bio-Rad).
Results
The close relationship between the intermediate and nonclassical monocyte subset
First, we find that the proportion of the monocyte subsets from the mean Ϯ SD of 16 healthy donors was 84.8% Ϯ 5.6% for classical, 5.4% Ϯ 1.9% for intermediate, and 9.2% Ϯ 4.4% for the nonclassical subset. The classical, intermediate, and nonclassical monocyte subsets from the blood of 4 such healthy donors were purified using FACS as shown in Figure 1A . The resulting purity of these subsets was at least 97%. We obtained the gene expression profiles of these 3 monocyte subsets using Illumina BeadChip arrays (data deposited in GEO, accession number GSE25913). To determine the relationship between the 3 monocyte subsets, we subjected the complete dataset to hierarchical clustering ( Figure 1B ) and principle component analysis in an unbiased manner ( Figure 1C ). Both analyses showed that the intermediate and nonclassical monocytes were most closely clustered, whereas the classical and nonclassical were most distantly clustered.
To obtain differentially expressed genes, ANOVA followed by the Tukey Honestly Significant Difference test was applied to the dataset. After filtering out hypothetical genes, we obtained a list of 1554 differentially expressed genes with P Ͻ .05 and Ն 1.5-fold differences for at least one of the possible comparisons between 2 subsets, classical versus nonclassical, classical versus intermediate, or intermediate versus nonclassical. Within these 1554 genes, the number of comparisons with Ն 1.5-fold differences for classical versus nonclassical was 1456, intermediate versus classical was 942, and between intermediate versus nonclassical was 249 ( Figure  1D ). Hence, the number of genes that differ by Ն 1.5-fold was the lowest between the intermediate and nonclassical subset. Therefore, similar conclusions about the relationship between the 3 subsets were reached with clustering of the whole dataset or analysis of the differentially expressed gene list.
We extensively validated our microarray results using monocyte subsets sorted from donors that were different from those that contributed to the microarray. The expression of a large panel of genes from the microarray was tested using real-time PCR (Figure 2 ). These genes are shown according to the highest expression by the classical (Figure 2A ), intermediate ( Figure  2B ), and nonclassical subset ( Figure 2C ). Validation at the protein level was also performed by flow cytometric analysis of surface receptors (described later in Figures 6 and 7) . Hence, even though the validation experiments were performed with donors distinct from those that contributed to the microarray, the Figure 3A) . Clusters I and II were composed of 862 genes most highly expressed by the classical subset. Clusters III and IV were composed of 135 genes most highly expressed by the intermediate subset. Clusters V and VI were composed of 557 genes most highly expressed by the nonclassical subset. These gene lists with median intensity values and the relative fold changes normalized to the intermediate subset were given in supplemental Table 3 . The top 50 genes most highly expressed by the classical, intermediate, and nonclassical subsets based on fold change values are shown in Tables 1, 2 , and 3 respectively. As expected, CD14, CCR2, and SELL were within the most highly expressed genes for classical monocytes, whereas FCGR3B, CX3CR1, and ITGAL were most highly expressed for the nonclassical monocytes.
We noted that, although the intermediate subset was composed of the least number of highly expressed genes (135 of 1554 genes, 8.7%), they expressed a large majority of the differentially expressed genes at levels between the classical and nonclassical subset (1349 of 1554 genes, 87%). This could also be clearly visualized through the heat map ( Figure 3A ) seen as extensive blacked-out areas for the intermediate subset. This pattern of gene expression by the intermediate monocyte subset is supportive of the notion that this subset is an intermediary population between the classical and nonclassical subsets. 16, 18 Unique characteristics for the 3 monocyte subsets revealed by in silico analysis
We wanted to discover the unique characteristics of each monocyte subset based on their gene expression profiles. The 1554 differentially expressed genes (P Ͻ .05, Ն 1.5-fold change) were divided according to the subset with the highest expression and analyzed for categories with significant enrichment (P Ͻ .05) of categories in Gene Ontology (GO) biologic processes using DAVID tools. 24 Similar categories were grouped. The P value of each group was given as the geometric means of the P values of the categories of each group (supplemental Table 4 ). In Figure 3B through D, we show representative groups and the relative log 2 fold change of associated genes normalized to the intermediate subset.
For the classical subset, we found significant enrichment in categories under angiogenesis, wound healing, and coagulation, implicating them in tissue repair functions ( Figure 3B ). Several categories under the response to stimuli, including responses to bacterial components, toxins, drugs, hormones, hypoxia, and nutrient levels, were also found. Notably, proinflammatory mediators S100A12, S100A9, and S100A8 25 were among the top 50 most highly expressed genes for the classical subset (Table 1) . Overall, this revealed that the classical monocytes are highly versatile, capable of responding to a variety of external cues to mediate tissue repair or immune functions.
For intermediate monocytes, significant enrichment for genes under major histocompatibility complex (MHC) class II processing and presentation were found ( Figure 3C ). This included 6 of these genes for ␣-and ␤-chains of MHC class II, and also 2 genes, CD74 (class II invariant chain) and HLA-DO, which are involved in MHC class II antigen processing. The costimulatory molecule CD40 was also most highly expressed by the intermediate subset.
For nonclassical monocytes, we found enrichment in categories involving cytoskeleton rearrangement ( Figure 3D ). Under cell movement, Rho GTPases RhoC and RhoF coordinate actin cytoskeleton rearrangement, providing the driving force for cell movement. 26 Their activators VAV2 and ARHGEF18 and downstream effectors PIP5K2A and PKN1 were also most highly expressed by For personal use only. by guest on February 17, 2014. bloodjournal.hematologylibrary.org From the nonclassical subset. The relatively higher expression levels of these genes may explain the molecular basis of their highly motile patrolling behavior observed in vivo. 9 Another process involving cytoskeleton rearrangement was Fc receptor (FcR)-mediated phagocytosis. These included genes of the Src family kinase LYN and HCK, which phosphorylate immunoreceptor tyrosine-based activation motifs of FcRs, leading to the recruitment of PIK3AP1, PIK3CG, LCP2, and CBL. These FcR complexes activate WASP2, VASP, PLCG2, and CORO2A, leading to cytoskeleton remodeling necessary for phagocytosis. 27 Several complement component genes, including C1QA, C1QB, C2, and C3, were also most highly expressed by the nonclassical subset. 
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BLOOD, 4 AUGUST 2011 ⅐ VOLUME 118, NUMBER 5 For personal use only. by guest on February 17, 2014. bloodjournal.hematologylibrary.org From Progressive increase in maturation status by the monocyte subsets GO categories that reveal the relative differentiation state of the monocyte subsets were grouped under proliferation, cell differentiation, and apoptosis (Table 4) . Classical monocytes were represented by genes that indicate an antiapoptotic, proliferative state. Both intermediate and nonclassical subsets were defined by cell differentiation genes. The nonclassical subset was defined by categories that indicate a proapoptotic, antiproliferative state. CDKN1C, a potent cell-cycle inhibitor, was the third most highly expressed gene for the nonclassical subset (Table   3 ). These show that the nonclassical subset is the most mature subset, as cell-cycle withdrawal is normally associated with highly differentiated cells. 28 The results of this analysis were consistent with previous studies, which show that the CD16 ϩ monocytes were proapoptotic 29 and that CD16 ϩ monocytes are more mature. 19, 30 The 3 monocytes subsets are defined by different transcriptional profiles
Transcription factors are key regulators of gene expression. We list the transcription factors found among the 1554 differentially Transcriptional complexes consisting of interacting transcription factors activate, repress or direct gene transcription. We used Ingenuity Pathway Analysis to reveal the known protein-protein interactions within transcription factors most highly expressed by each monocyte subset. For classical monocytes, the interaction network was dominated by components of the AP-1 transcription factor ( Figure 4D ). These include JUN, FOS, ATF, and MAF family members that dimerize through leucine zippers motifs. 31 Different heterodimers of these components define the transcription targets for AP-1. In addition, positive (DDIT3) and negative (BATF) regulators of AP-1 were also present. 32, 33 Hence, the ability of classical monocytes to respond to a diverse range of stimuli may at least in part be the result of the activity of different AP-1 components triggered by different stimuli and signaling pathways.
The interaction network for the nonclassical subset featured transcriptional activities involving control of differentiation, apoptosis, and proliferation ( Figure 4E ). These included SPI1, MAF, ETS1, and CEBPA. CEBPA, through its inhibitive interaction with 34 A stable, mutual antagonism of CEBPA and SPI1 has been proposed to be important for permanent lineage commitment. 35 CEBPA interaction activates FOXO1, which results in cell-cycle arrest and apoptosis. 36 The association of MAF with ETS1 renders cells refractory to proliferative signals from CSF1R. 37 Overall, this network reflects the antiproliferative, proapoptotic, and highly differentiated state of nonclassical monocytes.
There were also 4 transcription factor interaction pairs observed for the nonclassical monocytes, of which 3, namely, HDAC6 with CBFA2T3, MBD2 with RBBP7, and PCGF2 with RYBP, function as transcriptional repressors. Another transcriptional repressor, HES4 is one of the second most highly expressed genes for nonclassical monocytes (Table 3) . Similarly, GO analysis had revealed enrichment in categories involved in negative regulation of transcription (supplemental Table 4 ). Hence, the nonclassical subset is also defined by several transcriptional repression activities.
The 7 transcription factors most highly expressed by the intermediate monocytes were not predicted to form direct interactions. Given For personal use only. by guest on February 17, 2014. bloodjournal.hematologylibrary.org From the close relationship between intermediate and nonclassical subsets, we explored whether the transcription factors of the intermediate subset could interact and/or increase the expression of transcription factors most highly expressed by the nonclassical subset ( Figure 4F ). This revealed reciprocal increases in the transcription factor genes found in both subsets. Direct interactions were also found. Notably, several of these transcription factors, including SPI1, NCOA3, CEBPA, E2F1, and CCNE1, were found within the main network of transcription factors in the nonclassical subset ( Figure 4E ). This indicates a possible continuum of transcription factor activity between the intermediate and nonclassical subsets.
The 3 monocyte subsets possess different repertoires of cell surface receptor genes
Next, we highlighted surface receptor genes among the 1554 differentially expressed genes (supplemental Figure 1) . These represent potential surface markers that can be used to distinguish between the monocyte subsets. We categorized these receptors into scavenger and lipoprotein receptors, carbohydrate binding receptors, adhesion receptors, chemokine receptors, cytokine receptors, and G-protein coupled receptors (GPCR). We observed that the majority of scavenger/low density lipoprotein receptors and carbohydrate binding receptor genes were most highly expressed by the classic monocyte subset. Together, these receptors are responsible for recognition and uptake of a diverse array of self and pathogenic ligands. 38, 39 This reinforces the GO analysis results, which show that classical monocytes were highly versatile and responsive to a large variety of external cues. The classical and nonclassical monocyte subsets express a different array of chemokine receptors, adhesion receptors, cytokine receptors, and GPCRs. The intermediate subset most highly expressed a small number of receptor genes, including MARCO, CLEC10A, CMKLR1, GFRA2, IFNAR2, GPR30, GPR35, GPBAR1, CD40, and CD300C.
Flow cytometric analysis of surface markers by the 3 monocyte subsets
We next wanted to identify unique surface markers that could be used to distinguish the 3 monocyte subsets by flow cytometry. First, a panel of established surface markers previously described for monocyte subsets was tested. In Figure 5A , representative histogram plots for each tested marker are shown. In Figure 5B , the mean Ϯ SD of the median fluorescence intensity (MFI) subtracted by the fluorescence minus one (FMO) isotype control are shown. Statistically significant differences between the monocyte subsets are also indicated. We found that several markers, including CD64, CCR1, CCR2, CX 3 CR1, CD11b, CD33, and CD115, were expressed at the intermediary level for the intermediate monocyte subset. CD40, CD54, and HLA-DR were most highly expressed by the intermediate subset. CXCR1, CXCR2, and CD62L were expressed almost only by the classical monocytes. SLAN was expressed by a subset of nonclassical monocytes. 
org From
We next performed flow cytometry on a selected list of novel surface markers identified by microarray (supplemental Figure 1) . These markers were grouped based on the monocyte subset that showed highest expression for these markers in microarray ( Figure  6 ). Flow cytometric results reveal that classical monocytes expressed the highest surface protein levels of CD1d, CD9, CD36, CD99, CD163, and CLEC5A ( Figure 6A ). The intermediate subset expressed these markers at an intermediary level between the classical and nonclassic subset. CLEC4D and IL-13R␣1 surface expression was detected only for the classical subset. We found that 
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For personal use only. by guest on February 17, 2014. bloodjournal.hematologylibrary.org From GFR␣2 and CLEC10A were lowly, but consistently and specifically, expressed by the intermediate monocyte subset ( Figure  6B ). Nonclassical monocytes expressed the highest levels of CD97, CD123, P2RX1, and Siglec10, whereas the intermediate monocytes expressed these markers at relative lower levels ( Figure  6C ). The expression of CD294 was low but specifically expressed by the nonclassical monocyte subset. In Figure 6D , we show the mean Ϯ SD minus FMO isotype control for each surface marker, and the differences that are statistically significant between the monocyte subsets.
We have provided a summary of the surface markers that can uniquely separate the 3 monocyte subsets (Table 5 ). This table lists surface markers that are statistically significant for at least 2 comparison between the 3 monocyte subsets (classical vs intermediate, classical vs nonclassical, intermediate vs nonclassical), and the respective fold changes values, calculated based on average MFI between any 2 subsets. Surface markers that are statistically significantly different between 2 comparisons uniquely separate a particular subset. For example, the expression of CLEC4D is significantly different between the classical versus intermediate and classical versus nonclassical subset, but not between the intermediate versus nonclassical monoyctes. CLEC4D can hence be used to uniquely separate the classical subset from the other 2 subsets. These markers were ordered according to increasing statistical significance for each monocyte subset.
If monocyte subsets represent a single lineage at different stages of maturation, then gradual changes in the surface expression of markers would be observed. We analyzed the expression of several surface markers based on increasing CD16 and decreasing CD14 expression as depicted in Figure 6E . Specifically, classical monocytes were represented by a single R1 gate, whereas the intermediate monocytes was subdivided into 3 gates (R2, R3, and R4) based on increasing in CD16 expression. The nonclassical subset was subdivided into 3 gates (R5, R6, and R7) based on decreasing in CD14 expression. As we followed the expression of representative markers from R1 to R7 gates, we observed the gradual decrease in expression of several markers that were most highly expressed by the classical subset. Likewise, a gradual increase was observed with several markers mostly highly expressed by the nonclassical subset. This pattern of surface marker expression provides circumstantial support for the continuum of maturation stages by the monocyte subsets.
Distinct cytokine production patterns revealed by LPS activation
Lastly, we compared the cytokine production of the monocyte subsets after activation (Figure 7) . Consistently through increasing doses of LPS, the classical monocytes produced the highest levels of the broadest range of cytokines, including granulocyte colonystimulating factor, IL-10, CCL2, regulated on activation normal T expressed and secreted, and IL-6. In our hands, the nonclassical subset produced the highest levels of the inflammatory cytokines, TNF-␣, and IL-1␤. For the intermediate subset, the levels of these cytokines and chemokines were produced at either the lowest or intermediary level. Figure 1A . Specific stainings are represented by blue tinted histograms, whereas FMO isotype controls are represented by histograms with red dotted lines. Numbers in each histogram represent MFI of specific staining minus isotype control. Representative data from 4 to 7 independent donors. (B) The mean Ϯ SD of the MFI of the specific staining minus the MFI of its FMO isotype control for the tested surface antigens are shown. The number of persons the results for each surface marker is based on is denoted by (n). Statistical calculations of significance were performed using ANOVA followed by post-hoc Tukey for significant differences between any 2 monocyte subsets: *P Ͻ .05, **P Ͻ .01, ***P Ͻ .001.
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Discussion
The new official nomenclature for monocyte subsets presents new challenges to the field of monocyte heterogeneity, as CD16 ϩ monocytes are now no longer considered to be homogeneous. Our study provides a comprehensive definition of the 3 circulating monocyte subsets, through which the close relationship between the human intermediate and nonclassical monocyte subsets was revealed. This result is different from the study by Cros et al 9 but consistent with the relationship described for the 3 homologous monocyte subsets of macaque monkeys that was also identified using CD14 and CD16 expression. 22 Our results, together with other recent genome-wide analysis of human monocyte subsets, 9, 19, 21, 40, 41 provide a comprehensive definition for the monocyte subsets during healthy conditions. This serves as the basis for the identification of targets that may be altered during disease conditions, particularly diseases associated with monocytosis and/or alterations in the proportion of monocyte subsets.
Although the intermediate and nonclassical monocytes are very closely related, there were also features to distinguish them apart. One example is MHC class II expression, which was highest with the intermediate monocyte subset. The high MHC class II expression indicates that intermediate monocytes may possess superior T-cell stimulatory functions. Indeed, this was demonstrated with CD16 ϩ CD64 ϩ monocytes, a phenotype that matches with the intermediate subset. 14 Based on our microarray results, the nonclassical subset most highly expressed several genes involved in cytoskeleton rearrangement. This may represent the molecular basis of their highly motile, "patrolling" behavior observed in vivo, 9 and other predicted abilities, such as FcR-mediated phagocytosis.
Another distinguishing feature of the nonclassical subset was the high levels of TNF-␣ and IL-1␤ produced in response to LPS. This result was consistent with a previous study by Belge et al. 20 In that study, TNF-␣ was detected using intracellular staining in whole blood after activation with Toll-like receptor ligands. Their method involves very little in vitro manipulation, avoiding issues of nonspecific activation through isolation and culture. Indeed, discrepant results on cytokine production by isolated monocyte subsets after LPS stimulation has been reported. 9, 10 One possible reason for this discrepancy is the use of different anti-CD14 antibody clones for cell sorting of the monocyte subsets. Certain anti-CD14 clones, such as M5E2, are known to block LPS activity. 42 Monocytes isolated using such anti-CD14 clones may exhibit diminished responses to LPS. The anti-CD14 clone used in this study (61D3) is not known to exhibit any LPS inhibitory activity. 43 Therefore, our results and the results of others 20 demonstrate the preferential ability of the nonclassical monocyte subset to produce higher levels of TNF-␣ and IL-1␤ in response to LPS. This The mean Ϯ SD of the MFI of the specific staining minus the MFI of its FMO isotype control for the surface antigens. n represents the number of persons on which the results for each surface marker is based. Statistical calculations of significance were performed using ANOVA followed by the post-hoc Tukey test for significant differences between any 2 monocyte subsets: *P Ͻ .05, **P Ͻ .01, ***P Ͻ .001. (E) The expression of representative markers was tracked based on increasing CD16 and decreasing CD14 expression. The intermediate monocyte subset was further subdivided based on increasing CD16 expression using R2, R3, and R4 gates. The nonclassical monocyte subset was further subdivided based on decreasing CD14 expression using R5, R6, and R7 gates. The classical subset was identified by R1 gate. Colored plots representing histograms from R1 to R7 were created using FlowJo software.
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BLOOD, 4 AUGUST 2011 ⅐ VOLUME 118, NUMBER 5 For personal use only. by guest on February 17, 2014. bloodjournal.hematologylibrary.org From does not support the notion that the nonclassical subets respond selectively to viruses and damaged cells. 9 We additionally describe new defining features for the classical monocyte subset. According to microarray results, classical monocytes expressed the broadest range of sensing receptor genes, and also genes involved in a wide diversity of functions, including tissue repair and immune responses. Furthermore, the relatively high expression of proinflammatory S100A12 and S100A8/9 genes 25 may underlie the ability of classical monocytes to support inflammation. In addition, classical monocytes produced high levels of the broadest range of cytokines and chemokines in response to LPS. We propose that this versatility of classical monocytes is attributed to AP-1 transcriptional factors that are most highly expressed at the gene level by classical monocytes. Different combinations of the AP-1 transcription factor components are activated by different stimuli and signaling pathways, defining the transcription targets for AP-1. [31] [32] [33] Nevertheless, these observations were made with microarray results and may not translate into actual protein expression that is quantitatively similar to differences in mRNA levels, therefore requiring further confirmation.
We analyzed surface markers for their usefulness for separating the 3 monocyte subsets (Table 5 ). Several markers, CCR2, CXCR1, CXCR2, CLEC4D, and IL-13R␣1, were found to be expressed almost solely by the classical monocyte subset. For the intermediate subset, HLA-ABC, HLA-DR, and CD40 were expressed at significantly higher levels. Furthermore, GFR␣2 and CLEC10A were lowly, but almost exclusively, expressed by the intermediate subset. Given the close relationship between the intermediate and nonclassical subset, it may be difficult to identify surface markers that clearly segregate these 2 subsets. For example, the expression of CD115, CX 3 CR1, CD97, CD123, P2RX1, and Siglec10 was shared. However, CD115, CD294, and Siglec10 were expressed at significantly higher levels for the nonclassical subset. Furthermore, several markers, including CCR5, CD11b, CD1d, and CD163, were significantly higher for the intermediate subset. Hence, using a combination of such markers could provide a clear separation between the intermediate and nonclassical monocyte subsets.
An important question is whether monocyte subsets represent distinct endpoints of differentiation or a single lineage at different stages of differentiation. The intermediate subset has been proposed to represent the direct intermediary link between the classical and nonclassical monocyte subsets. 16, 18 Our results provide circumstantial evidence to support this notion. We observed a large majority of genes and surface markers expressed at an intermediary level between the classical and nonclassical subset. The intermediate monocyte subset did not possess inherent specialties in cytokine production, and there are gradual changes in surface marker expression for the monocyte subsets. Our microarray results also indicate an increase in maturation status from the classical, intermediate, to nonclassical subset. With preliminary in vitro experiments, we find that classical monocytes spontaneously down-regulated several classical subsetassociated markers, coupled with the acquisition of some, but not all, of the nonclassical subset-associated markers (data not shown). These in vitro experiments were not entirely conclusive, and formal proof of the lineage relationship between the 3 subsets is still required. One major limitation of these in vitro experiments is its inability to properly mimic differentiation conditions in vivo, by which the location, factors, and mechanisms involved are as yet unknown. Nevertheless, although our results do not directly prove the direct lineage relationship between the subsets, it does provide evidence at the molecular level that the intermediate monocyte subset indeed lay between the classical and nonclassical monocyte subset in terms of global gene expression and a wide panel of surface markers.
Our results have several important implications in clinical settings. Flow cytometry is an important clinical tool for objectively accessing hematologic malignancies, whereby abnormal cells are identified through the aberrant expression of surface markers. 44 Our results will be most relevant to identifying abnormalities in myeloid neoplasms with associated monocytosis. These include chronic myelomonocytic leukemia, juvenile myelomonocytic leukemia, acute myelomonocytic leukemia, and acute monocytic leukemia. For example, it was shown that surface markers are useful to distinguish between these different forms of myeloid neoplasms 45, 46 and between chronic myelomonocytic leukemia, 
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BLOOD, 4 AUGUST 2011 ⅐ VOLUME 118, NUMBER 5 For personal use only. by guest on February 17, 2014. bloodjournal.hematologylibrary.org From myelodysplastic syndromes, and reactive monocytosis. 47, 48 Recently, it was shown that immunosuppressive CD14 ϩ HLA-DR low/Ϫ monocytes were present in B-cell non-Hodgkin lymphoma, 49 suggesting that monocytes can also play important roles in lymphoid neoplasms. However, studies on hematologic malignancies are thus far based on whole monocytes, much less is known about specific abnormalities pertaining to monocyte subsets. Analyzing abnormalities in monocyte subsets may lead to the identification of clinically useful targets for improved diagnosis, staging, classification, and prognosis of hematologic malignancies. As such, our results provide a wide panel of myeloid and monocyte-associated markers and their normal expression levels to study monocyte subsets in myeloid neoplasms associated with monocytosis.
CD16 ϩ monocytes are known to expand in infectious and inflammatory conditions (eg, sepsis and HIV). 6 However, understanding of the CD16 ϩ monocyte subsets with respect to mechanism of induction and contribution to disease is still unclear. Our results provide the basis for the detailed analysis of monocyte subsets in disease conditions by identifying targets that could be altered. This approach could identify new correlations and alterations to monocyte subsets with potential clinical utility and yield mechanistic insights into the phenomenon of elevated CD16 ϩ monocyte proportions in disease conditions.
Recent studies have highlighted the merit of subdividing the CD16 ϩ monocytes into the intermediate and nonclassical subsets. For example, severe asthma was associated with a preferential increase in the intermediate subset. 15 In HIV, the intermediate monocytes best support viral replication. 22, 50 Hence, there may be preferential increase or involvement of the intermediate and nonclassical subsets under different disease conditions. Our results provide a definitive way to identify the intermediate and nonclassical monocyte subsets, which would be useful for such endeavors.
